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INTRODUCTION 
Coatings are widely used in industry. They provide good electrical conductivity, 
wear resistance, thennal and electrical insulation, and corrosion protection. Recently sub-
micron range coatings and sophisticated layered composite structures have emerged from 
the high technology advanced research. A nondestructive evaluation (NDE) of coatings 
has an immediate goal to ensure satisfactory properties of coated metals, and save often 
expensive materials. For this purpose two most powerful methods acoustic microscopy 
and eddy-currents have been used in industry for many years. Two techniques for NDE 
of micron and sub-micron range coatings by both methods are given in this paper; 
perfonnance, advantages and limitations are outlined. There are a number of quantitative 
acoustic microscopy (AM) methods for investigation of thin layers, in this work one of 
them is discussed. The Doppler continuous wave scanning acoustic microscope has been 
used for the evaluation of 0.3-5.0 /lm thick titanium nitride coatings on steel substrate. 
Thickness errors are typically within 10 percent. The method has an obvious advantage 
for nonconductive coatings and substrates and for coatings only slightly different in 
mechanical properties from the substrate, as nitrogen implantation hardening layers. This 
potential of the method has been illustrated on tool steel samples having a 0.2 /lm thick 
nitrogen implantation coating. Eddy currents (EC): Operating at a single frequency, using 
various coils, thickness of conductive coatings on conductive and nonconductive 
substrates has been detennined. Analytical solutions obtained for long coils and surface 
coils, are mathematically very compact, and allow a real-time evaluation. Aluminum foils 
of 32-64 /lm thick, 0.3-0.8 /lm thick metal films sputtered on nonconductive substrates, 
15-45 /lm thick aluminum coatings on stainless steel, and 2.8-58.5 /lm thick zinc coatings 
on steel substrate have been measured. Agreement between theory and experiment is 
excellent. Discrepancies between the eddy current thickness and that detennined using 
other methods are typically within few fractions of micron. Encountered problems with 
measurements on sub-micron range coatings are reported. 
ACOUSTIC MICROSCOPY FOR EV ALUA TION OF COATINGS 
Thickness of coatings can be efficiently measured by the AM methods, the 
response of acoustic microscope being sensitive to the elastic properties of layered 
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structures. There exist several quantitative AM methods for investigation of thin layers: 
the time-resolve techniques, coherent methods as the ultrasonic interferometry and 
microspectrometry, the V(z) method being the most popular and accurate. 
To determine thickness of a layer using the V(z) method [1] a dispersion 
relationship for leaky surface acoustic waves (SAW) is routinely used. The velocity and 
attenuation coefficient ofleaky SAW are determined from experimental V(z) curves. The 
accuracy of the measurement depends on the slope of the dispersion characteristic. 
Materials sufficiently different in elastic properties ensure high resolution of the 
thickness measurement. Thus, for a 300 nm thick gold coating on fused quartz, the 
thickness resolution around 0.2 nm was obtained at 225 MHz [2]. In contrary, when 
acoustical parameters of the coating and substrate are very close, the accuracy is poor. 
The absolute accuracy of leaky SAW velocity measurement in the range 100-300 MHz of 
about 0.02% is reported [3], the precision being significantly better (around 0.005%). To 
apply the method, the calibration dispersion curve has to be determined experimentally to 
take into account actual properties of the coating, which can be different from those of 
the bulk material. Given the calibration curve represents an apparent velocity of the leaky 
SAW, the accuracy of the thickness evaluation is mostly determined by the precision of 
the velocity measurement. This method of thickness measurement has the lateral 
resolution of an order of the lens diameter (~ 1 mm in the range 200-300 MHz). In 
practice the lateral resolution can be higher (around 0.1 mm) while maintaining a 
satisfactory accuracy [4]. AM techniques are as well sensitive to bonding conditions on 
the interface 'coating-substrate', so that poor adhesion areas can be detected [5]. This is a 
significant advantage in comparison with EC nondestructive methods. The line-focus-
beam microscope has a high angular selectivity due to the cylindrical shape of the 
acoustic lens. Therefore it is successfully used for the evaluation of anisotropic layered 
structures [6]. 
EV ALUA TION OF THIN COATINGS USING DOPPLER AM 
The Doppler continuous wave acoustic microscopy is a modification of the V(z) 
method. In this paper a potential of the Doppler AM for thin films thickness 
measurements will be discussed and illustrated on surface hardening layers. In the 
previous work [7] thin copper coatings on Ah03 substrate have been investigated. Due to 
the large difference in acoustical properties between copper and alumina the dispersion 
characteristics for leaky SAW (Rayleigh's and Sezawa's) demonstrate a very strong 
dependence on the coating thickness, which ensures good accuracy of the thickness 
measurement. In the present work titanium nitride hardening layers on steel substrate are 
studied. The titanium nitride coating is harder than steel and therefore the leaky SAW 
velocity dependence on thickness is weak. Layers produced by the nitrogen implantation 
into steel substrate have very close acoustical properties with the substrate, and the 
coating is extremely thin. For this study the Doppler microscope [7] has been modified, 
its frequency range being extended down to 60 MHz. 
We have used a Doppler continuous wave acoustic microscope for the thickness 
determination of hardened layers on steel substrates. Velocity of the leaky surface 
acoustic wave determined from the Doppler spectrum, was used to measure the coating 
thickness. The device produces a continuous wave of frequency roo (see Figure I). The 
transducer cyclically moves with the speed of about 16 mmls towards and backwards the 
sample. Due to the Doppler effect the reflected ultrasonic wave acquires a frequency 
shift. The frequency shift undergoing by each component of the transducer angular 
spectrum is 
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Figure 1. Schematic view of the 
experimental setup. 
Figure 2. Experimental Doppler spectra 
obtained at 60 MHz on 5 )lm thick titanium 
nitride coating (1), and an uncoated sample (2). 
(1) 
where c is the sound velocity in the immersion liquid, Vo is the linear speed of the 
transducer, eo is the incidence angle. Amplitude and phase of the transducer spatial 
spectrum components are as well influenced by the reflection coefficient on the interface 
"immersion liquid-sample". Using the above acoustic microscope titanium nitride films 
deposed on tool steel substrates have been investigated at 60 MHz. In Figure 2 the 
relative amplitude IS(f)1 and the phase deviation D(f) of the experimental Doppler signal 
spectrum are given as functions of the normalized frequency f = 1-cos(e 0). The 
measured spectra have sharp discontinuities at fRI and fR2 • Those values correspond to 
critical angles of the leaky SAW. The velocity of the leaky SAW can be estimated as 
(2) 
Results of the measurement of the leaky SAW velocity for a number of the titanium 
nitride coating samples with various thickness, are given in Figure 3. Titanium nitride is a 
harder material than steel, therefore the shear wave velocity for the coating layer exceeds 
that of the substrate. In this case the only SAW mode exists which is the Rayleigh's wave 
perturbed by the thin layer. The phase velocity V R grows monotonically with the coating 
thickness approaching the shear wave velocity of the substrate [8]. Thickness errors in the 
range 0.3-3.0 )lm are within 10 percent. Uncertainties of the measurement grow with the 
thickness increase, for the velocity dispersion curve (Figure 3) becomes less steep with 
thicker coatings. The frequency of the experiment can be adjusted to shift experimental 
points to the initial zone of the curve. 
Steel samples hardened by the nitrogen implantation process have been also 
investigated using this technique. The microscopic analysis has shown the hardening 
layer depth being around 0.2 )lm. Measurements of the leaky SAW velocity were 
performed at 60 and 300 MHz. Results of the leaky SAW velocity measurements are 
given in Table I. At 60 MHz the original and the nitrogen treated samples are hardly 
distinguishable. The difference between measurements becomes significant at 300 MHz. 
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Figure 3. Leaky SAW velocity vs. the 
thickness of the titanium nitride layer on 
the steel substrate. 
Table I. Results of leaky SAW velocity 
measurement on the nitrogen hardened 
layer on steel. 
Frequency, MHz 60 300 
Velocity I N2 treated 2932±5 2940±7 
mls I Untreated 2943±5 2970±10 
Thus, the high frequency Doppler scanning acoustic microscope can be used for the 
evaluation of thickness of extremely thin hardening layers. 
EDDY CURRENT EVALUATION OF THIN COATINGS 
Whenever possible, analytical models are used and several efficient algorithms to 
determine unknown thickness orland conductivity of coatings have been reported. As has 
been shown in [9]-[12] for some simple types of coils, the inversion, i.e. a determination 
of physical parameters of conductors from the experimental data, can be carried out in 
real time while maintaining excellent accuracy. A change in the coil electrical impedance 
induced by a thin coating (thin in respect to the skin depth) is very closely related to its 
thickness-conductivity product. Thus, only a single parameter evaluation is possible, the 
second parameter playing role of the calibration coefficient, which must be accurately 
determined. For the simultaneous determination of the conductivity and thickness, a 
multi-frequency experiment is needed [13], but even in this case the separation ofthe 
parameters for micron range coatings is difficult. For a pancake surface coil the electrical 
impedance is given: 
(3) 
where ro is the circular frequency, flo is the permeability of vacuum, r., r2 are respectively 
the coil inner and outer radii, II is the coil liftoff, JI being the Bessel function. Coefficient 
BI for the case of a coated conductive half space is: 
B = e2a/, + (a + r;)(r; -l;) + (a- r;)(r; + l;)e2a,,,,, 
• (a-r;)(r; -Y2)+(a+r;)(r; +¥;)e2a,,,,, ' (4) 
where Y/ relates to the coating, and Yl to the substrate, ml is the coating thickness and Yk 
is given 
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(5) 
ak and ~k being the conductivity and relative penneability of the corresponding medium. 
A much more simple relation for the encircling coil is available [II]: 
(6) 
where B k = kk / a k; a = kl (Y;d + ml)..{j ; and T] is the fill factor, d is the wire diameter, 
and Zair is the empty coil reactance. An advantage of fonnulae (3) and (6) is that they can 
be quickly and precisely computed. 
CONDUCTIVE FOILS, COATINGS AND FILMS 
Expressions (3)-(6) are general and solve most ofEC problems associated with 
the evaluation of a thin conductive layer on conductive and nonconductive bases. In 
particular, those have been used to detennine the thickness of 32-64 ~m thick aluminum 
foil, 2.8-58.5 ~m thick zinc coating on steel wires and metal sheets, 15-45 ~m aluminum 
coatings on 1.5 mm thick stainless steel, and sub-micron range conductive film on 
polymer substrates. Experiments were perfonned at room temperature (20±0.5°C) at 
various frequencies with encircling and surface coils (see Table II), using an HP4549 
digital impedance meter. For all measurements the two-variable (the coilliftoffvs. the 
thickness-conductivity product am) Newton-Raphson method was employed for the 
inversion of experimental data, except for sub-micron range conductive films. Electrical 
impedance curves for the liftoff variation at 10 MHz for some of thin films' samples are 
indistinguishable from those of am product, so for sub-micron films the liftoff was fixed 
and detennined prior to the experiment. Actual thickness was detennined by using the 
following techniques: the mechanical gauging (accuracy ±0.5 ~m) for foils, the X-ray 
luminescent method for hot dipped metal sheets (Data Measurement Corporation®, 
accuracy around ±0.2 g/m2), and chemical methods (accuracy around ±0.005 ~m) for 
galvanized wires and sputtered conductive films. As can be shown from Table I, the 
perfonnance of the discussed method is very impressive, taking into account the non-
contact nature of measurements and compactness of the mathematical algorithm ensuring 
the inversion of experimental data in typically less than 0.5 s. In the case of coatings on 
cylindrical products the inversion takes only a few milliseconds. 
Fonnulae (3) and (6) work very well on electrolytic coatings thicker than 20 ~m 
and discover some significant discrepancies for thinner layers (see Figure 4). As a matter 
of fact, on microscopic scale coatings are often inhomogeneous and non-unifonn, which 
has a bigger impact on thinner coatings. However, from the physical point of view using 
numerical methods is possible to calculate effect of the non-unifonnity and various 
defects on eddy current signals, most of them have probabilistic nature related to the 
technological conditions. To take into account possible changes of these technological 
conditions responsible to material discontinuities, the thickness variation and defects, the 
apparent electrical conductivity can be introduced [II]. This method ensured for thinner 
layers the same order of accuracy as for thick coatings. Thus with ±0.1-0.2 flm 
uncertainty zinc coatings down to 2.8 ~m thick on steel substrates were measured. In 
Figure 5 experimental impedance points obtained at 1 MHz on sub-micron range copper 
and aluminum conductive films are given. Experimental points follow theoretical 
predictions very well. For copper films obtained very satisfactory results. Discrepancies 
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Table II. Various configurations for the eddy current thickness determination of thin 
layers. 
Problem description Coil Analytical model Thickness, Jlm 
Actual EC 
fOO = cOO 31.7 - 32.0 Rectangular 32± 0.7 Aluminum alloy foils : 
single layer nIL / I, 20kHz, the conductivity y 
surface coil : n:fH! 
-1 I 4S± 0.9 47J -47.9 a=31.63-31.78 M 1m length 150 mm . ;. I a;, t> 
determined on 16 I'm foil liftoff2.3 mm 64± 1.0 62.9 - 63.6 
Conductive nonmagnetic d'~ J.1 rl ' 0'. 32.3 33.2±OJ coating on 02.2 mm Long coil: 36 36.5±O.4 ferromagnetic wires: 100kHz, the coating Single layer 39.6 40.1±0.4 conductivity a=13.65 solenoid 07.5 f.l d , a 46.2 47.5±0.4 2 
MS/m detennined with a mm, SOmm long m t~ _ d 52.7 
number of wires with 52.910.4 
known coating thickness 5S.6 58.S±0.4 
00Etin z wi1<; 10.2 9.7±O.2 Conductive nonmagnetic 
coating on 1.5-2 mm thick 1/\ 'A I, Connected in y 11.6 II.3±0.2 steel sheets: 
series-opposite 00 
100kHz. the coating two single layer L! \ f I 13.2 13.6±0.3 conductivity (1= 13.65 rectangu lar 
MS/m determined with surface coi ls ~ ; 14.S 15.6±O.3 
number of samples with ~~ I, known coating thickness 18.5 IS.4±O.4 
21.9 21.5±O.4 
calia : coik Aluminum coating on 1.5 
nl /\ 'f:... 15±0.5 15.8- 16.0 mm thick stainless steel I, Connected in y 
sheets: 
series two single ~ 
100kHz, the coating layer rectangu lar I! \ / , .. I conductivity a=34 MSlm surface coils 30±O.7 29.930.1 
determined with a ;0 
Sigmatest 0 using numbers n~ ~ek-,.;.~ 1 
of stacked foil samples 
45±0.9 46.0-46.2 
calia = ail 
Conductive AI and Cu films Pancake surface ~i / 0.85 (Cu) 0.79±O.02 on plast ic substrate: coil : I, y I MHz. the conductivity is 039 mmOD 
supposed to be equal to that Iiftoff3.1 mm I ,. gj:Qrae ao() 
" 
n I 0.66 (Cu) 0.65±0.02 of bulk materials 
0.26 (AI) 0.12±O.05 
between the eddy current thickness for aluminum films and results of chemical analysis 
are probably due to the thickness dispersion of the conductivity, to a particular structure 
of the film, and as well to errors in the electrical impedance measurement. Theoretical 
curve for this case represents a circle so the film thickness can be inferred from the phase, 
if zero of coordinates shifted to the circle center. 
Unfortunately, the most important limiting factor for above EC methods is 
ambient temperature, which has immediate effect on the coating conductivity. For zinc, 
for example, at room temperatures the thermal coefficient of conductivity is around -
0.4% (OCr l, thus a 25° temperature variation creates an additional 10% error on the 
coating conductivity and thus on the thickness reading. Due to this feature the 
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Figure 5. Nonnalized electrical 
impedance diagrams obtained at I MHz 
on sub-micron range sputtered aluminum 
and copper films: theoretical curve vs. 
experimental points. 
temperature should be measured in order to correct the conductivity to obtain true value 
of the thickness. One more source of errors of thin coatings' thickness evaluation is the 
electrical conductivity variations due to the chemical composition changes in the 
production. This is to be taken into account by regular calibration procedures. However, 
it becomes very difficult to maintain high accuracy when electromagnetic parameters of 
the coating are only slightly different from those of the substrate. For instance, 
uncertainties of the thickness measurement of thin copper coatings (20-50 ~m thickness) 
on aluminum slab can easily attain several microns. To perfonn more precise 
measurements in this case one needs to measure the coil electrical impedance with a 
higher accuracy. 
DISCUSSION 
The Doppler acoustic microscopy can be classified as a modified V(z) method 
based on the acquisition of reflected pulse signal infonnation from coated surface at 
various distances from the surface and the following inversion of obtained data. A 
positive difference between the methods is a smaller probe size and a smaller size of the 
inspected area, which enhances the spatial resolution. The high frequency Doppler 
scanning acoustic microscope can be used for the evaluation of thickness of extremely 
thin hardening layers. In contrast with EC techniques, the scanning Doppler acoustic 
microscopic method is has a good potential for the thickness evaluation on coatings only 
very slightly different in properties from the substrate. 
Eddy current techniques have a high potential for the thickness evaluation of thin 
conductive layers on nonconductive and conductive ferromagnetic substrates. Typically 
the accuracy is within a tenth of a micron. Thickness measurements on layers with the 
electrical conductivity only slightly different from that of the substrate are less precise 
and limited by the imprecision of the coil resistance measurement. 
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